ABSTRACT Keggin-type polyoxometalates (POMs), which possess multiple redox centers, were investigated as bidirectional redox mediators in rechargeable batteries. A series of POMs have been synthesized and employed in sulfur electrodes where neither the active material nor the discharge product were electrically conductive. POMs were found to have multiple redox potentials covering the range of the equilibrium potentials of the redox reactions of sulfur, which consequently facilitated both charge and discharge reactions. In particular, [SiMo 12 O 40 ] 4− offered a large discharge capacity of 1270 mAh g −1 by accelerating the reduction of shorter, less soluble polysulfides, leading to a higher cycling performance. The mediator role was confirmed via an X-ray photoelectron spectroscopy study on the cycled cathodes. Density functional theory calculations showed that the redox potentials of POMs are tunable, allowing selective design of suitable POM molecules for specific battery electrodes.
Introduction
Redox mediators (RMs) have long been used in electrochemical studies [1] [2] [3] [4] and in devices such as biosensors, 5 solar cells, 6 photocatalysis, 7 and batteries. [8] [9] [10] [11] [12] [13] [14] [15] They facilitate the electrochemical reactions of redox compounds that are located away from the electrodes and are not electrically connected to them. For example, in a reduction reaction, the RM is reduced at the surface of electrode, moves to the target redox compound, and gives an electron to it (Fig. 1a) . Consequently, the remote redox compound is reduced without any physical contact with the electrode.
While Li-ion batteries are currently the prevailing power source for mobile electronics and electric vehicles, demand is growing for storage devices with higher energy densities, such as Li-S and Li-O 2 batteries. Since nonconductive active materials are involved in the chemistry of these new batteries, the use of RMs has been found to improve their performances significantly. 8, 12, 14, 15 However, the role of mediators has so far been limited to the promotion of one-way reactions, either for charging or discharging, depending on the relative position of the redox potentials of the active material and the mediator.
Keggin-type polyoxometalates, expressed as [XM 12 O 40 ] n¹ (X = P, Si, etc., M = Mo, W, etc.), are a class of metal oxide anions that typically possess relatively good solubilities in organic solvents. Unlike other redox molecules, they are capable of multiple redox reactions as they contain 12 transition metal centers in a single molecule (Fig. 1b) . Moreover, the redox potentials can be tuned by changing the heteroatoms (X) and transition metal elements (M). [16] [17] [18] [19] Accordingly, Keggin-type POMs have the potential to promote both oxidation and reduction reactions in a variety of electrode materials.
In this study, we have demonstrated the use of Keggin-type POMs as bidirectional RMs in a sulfur cathode, which is considered promising due to its high capacity and the elemental abundance of S in nature. We focused on [PMo 12 [17] [18] [19] close to the equilibrium potential (E eq ) of Li-S batteries. The addition of the POMs was found to enhance the cell capacity and reduce the overpotential during both discharging and charging. Moreover, the redox potentials of the POMs have been calculated using density functional theory (DFT), with the results being in good agreement with those measured experimentally, indicating that this technique can be used to find suitable redox mediators.
Experimental

Materials
All chemicals were purchased from Sigma-Aldrich. Each protonated POM was dissolved in distilled water and precipitated by the addition of 5 equivalents of tetrabutylammonium (TBA) chloride. The precipitates were filtered, rinsed with water, and vacuum dried at room temperature to yield TBA salts. Li + -conducting glassceramic (LICGC) plates were purchased from Ohara Corp. 2.2 Sulfur cathode preparation A slurry was prepared by mixing 0.48 g of acetylene black, 0.48 g of polyvinylidenefluoride, and 9.1 g of N-methylpyrrolidone. After the addition of sulfur powder (1.43 g, 60 wt% of the cathode), the slurry was mechanically mixed via ball-milling at 1000 rpm for 10 min, spread on carbon-coated aluminum foil (REXAM) with an applicator (150 µm gap), and dried for 1 h at 80°C in air, then for 4 h at 60°C under vacuum. The sulfur loading on the composite cathode was ³1.5 mg/cm 2 at the current collector. A carbon cathode without sulfur was fabricated using the same procedure.
Cell preparation with protective anode
Li-S cells were typically assembled by packing a lithium metal foil, a porous polyethylene separator soaked with sulfolane containing 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), a LICGC plate, cathode electrolyte, and a sulfur cathode in a coin cell. 20 The LICGC plates were inserted to prevent undesired corrosion of the lithium anode, for example by redox-shuttling of RM or by soluble polysulfides, as well as reductive decomposition of the sulfolane solvent. This was done in order to allow observation of the behavior of the cathode. Li-S cells were operated at 60°C, where the LICGC plates exhibited high Li + conductivity (10
In future works, LICGC plates would be replaced by thin membranes. The cathode electrolytes consisted of 10 µL of sulfolane containing 10 mM of the relevant POM and 1 M LiTFSI, as sulfolane allowed stable operation at high temperatures due to its high boiling point (>280°C) while ether-based liquid electrolytes would not. 6, 12, [21] [22] [23] [24] [25] Hence, each cell contained 0.1 µmol of POM and approximately 28 µmol of sulfur atoms. A standard electrolyte that did not contain POM was also used as a control sample.
Discharge/charge profiles were obtained using a battery cycler (TOSCAT-3100, Toyo System). Cells were discharged and charged repeatedly at 60°C between 1.5 and 3.0 V, at C-rates reflecting the theoretical capacities (1 C: 1675 mA g ¹1 , C/5: 335 mA g ¹1 ).
Surface characterization
Li-S cells were disassembled in an argon-filled glove box, and then the disassembled cathodes were washed with THF, dried, and transferred via a vacuum vessel to an equipment chamber to avoid hydrolysis and oxidation of lithium sulfides. The surface morphologies of the sulfur cathodes were examined by FE-SEM (S-4500, Hitachi). The surface and subsurface regions of the cathodes were investigated using XPS (Quantera II, Ulvac PHI). To allow examination of the subsurface region, samples were etched using Ar ion sputtering at an acceleration voltage of 1 kV. All spectra were calibrated to the C 1s peak at 284.8 eV.
Cyclic voltammetry
Cyclic voltammograms were obtained with a potentiostat (Model 1480 Multistat, Solartron Analytical). A glassy carbon electrode with a surface area of 0.031 cm 2 , Pt wires, and lithium strips were employed as the working, counter, and reference electrodes, respectively. Electrolytes containing POMs were degassed by bubbling argon through them for 5 min prior to each measurement.
DFT calculations
Optimized structures and the lowest unoccupied molecular orbital (LUMO) energy levels of a series of POMs were calculated at the B3LYP level of theory with basis sets of Lanl2dz for transition metal elements and 6-31++G** for other elements. A polarizable continuum model was employed to reflect the solvation effect as implemented in the Gaussian 03 software package. The electron affinity (EA) was calculated from the difference between the total energies of the reduced and neutral molecules. The calculated redox potential was given by E 0 = ¹(EA + 1.39) (V vs. Li/Li + ).
Results and Discussion
The charge/discharge curves of the Li-S cells in the first cycle are shown in Fig. 2a . The first discharge capacity of the cell containing SiW was 1273 mAh g ¹1 , much higher than that of the cell without a POM mediator, which was 832 mAh g
¹1
. The dQ/dV plots of the cells containing the standard electrolyte and SiW (Fig. 2b) also show a decrease in the voltage gap between charging and discharging of 0.2 V, indicating the change of electrode reactions. The cycling performances of the Li-S cells are shown in Fig. 2c . The cell containing SiW exhibited rapid capacity decay over the first 20 cycles, followed by better cycling performance than the cell with the standard electrolyte after 100 cycles, with a sustained discharge capacity of 622 mAh g ¹1 . It is assumed that the reduction of sulfur was so accelerated that some soluble polysulfides rapidly diffused into the electrolyte during the initial cycles, and that after this diffusion a large amount of sulfur remained in the carbon. Figure 2d shows that the redox reaction of SiW itself contributed only slightly to the cell capacity, confirming the role of the POM as a mediator. While some organometallic compounds have previously shown mediation effects for the charging process, 6 it is here demonstrated that Keggin-type POMs improve the capacity as redox mediators for both charging and discharging reactions and allow long-term cycling performance in Li-S cells without any physical modification of the carbon supports.
Discharge curves of Li-S batteries can be divided into two regions. The first is the high voltage region (Q high ), comprised of a weak plateau and a sloping curve where highly soluble polysulfides such as Li 2 S 6 and Li 2 S 4 are produced, in which these compounds could work as redox mediators. Theoretically, the capacity at Q high is 419 mAh g-1. The second section of the discharge curves is the low voltage region (Q low ), comprised of a well-defined plateau where less soluble Li 2 S 2 and Li 2 S are produced (theoretically, Q low = 1256 mAh g ¹1 ). [21] [22] [23] [24] [25] Analyzing the discharge curves focusing on the capacities in high and low voltage regions provides further insights into the effects of SiW on the sulfur redox chemistry at the cathode. For the cell containing SiW, Q high and Q low were 420 mAh g ¹1 and 860 mAh g ¹1 , respectively (Fig. 2a) . Q low increases more than Q high , giving a Q low /Q high of 2.0, close to the theoretical maximum of 3.0 and considerably higher than the value for the cell containing standard electrolyte (1.5, Q high = 338 mAh g ¹1 and Q low = 492 mAh g ¹1 ). This result indicates that the capacity expansion was more significant in the low voltage region where the reduction reaction would not be expected to be fast enough due to the lack of soluble polysulfides, whereas in the high voltage region SiW provided only a slight improvement in reduction power as soluble polysulfides could also act as mediators.
To further investigate the role of POMs in the reduction of sulfur, XPS measurements were performed after the first discharge of Li-S cells utilizing either the standard electrolyte or a SiW-containing electrolyte. The S 2p spectrum of the cathode containing the standard electrolyte shown in Fig. 3a can be separated into three components, each of which exhibits doublet splitting in a 2/1 intensity ratio due to S 2p 3/2 and S 2p 1/2 . The major component, at 160.7 eV, is ascribed to Li 2 S (S ¹2 ), while the minor components at 162.5 eV and 164.1 eV are attributed to terminal sulfurs (S T ¹1 ) and bridging sulfurs (S B 0 ), respectively. From the S B 0 to S T ¹1 intensity ratio of 0.4, the stoichiometry of sulfur, n, in Li 2 S n is estimated to be 2.8, indicating that the incompletely reduced polysulfides remained in the cathode. The S 2p spectrum of the cathode containing SiW in Fig. 3b is composed of two doublets ascribed to Li 2 S and S T ¹1 .
Owing to the addition of SiW, the component ascribed to S B 0 disappeared and the proportion of polysulfides in the cathode decreased from 35% to 14%, as determined from the intensities of each component in the S 2p spectrum. These results support the theory that SiW enabled almost complete reduction of the shorter and less soluble polysulfides to Li 2 S, as discussed regarding Fig. 2a .
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Li-S cells containing SiW showed improved cycling performance (Fig. 2c) . It is well known that the irreversibility of Li-S batteries is mainly caused by the migration of sulfur from the carbon support and the precipitation of the reduced polysulfides on the electrode surfaces.
14 To confirm the catalytic effect of POMs in oxidations reactions, SEM photographs were taken of the cathode surfaces after the first discharge and charge. After the first discharge, the carbon supports of both the cathodes were covered with solid discharge products (Figs. 4a and 4c) . After charging, parts of the discharge products remained on the surface of cathode with the standard electrolyte (Fig. 4b ), but they completely vanished when SiW was used in the electrolyte (Fig. 4d) . It is speculated that SiW effectively oxidized the less soluble polysulfides, allowing their removal from the cathode surface.
To allow a more detailed analysis, the cathodes were analyzed by XPS after the 10th charge (Fig. 5) . The S 2p spectrum of the cathode surface of the cell containing the standard electrolyte showed a peak at ³160.1 eV, ascribed to Li 2 S, and one at ³169 eV ascribed to S(IV). As the contribution of S(IV) was similar in both the cathodes, it was credited to side products arising from the TFSI salt. The contribution of Li 2 S in the cathode containing SiW was Electrochemistry, 84(11), 882-886 (2016) very weak in Fig. 5a , indicating that Li 2 S was oxidized during charge/discharge cycling. The surfaces of the cathodes were etched by Ar-sputtering to allow observation of their subsurface areas. The S 2p spectra of the insides of the fully charged cathodes are shown in Fig. 5b . Compared to the cell with the standard electrolyte, the cell containing SiW showed a large peak at 164.1 eV that was assigned to S B 0 , which indicated sulfur retention. It can be concluded that SiW prevented accumulation of Li 2 S on the cathode surface and promoted retention of sulfur in the cathode, leading to a higher cycle performance.
To prove the feasibility of various POMs as RMs, the charge/ discharge profiles of Li-S cells containing PMo, SiMo, PW, and SiW were compared (Fig. 6 ). The cells containing PMo, SiMo, and PW exhibited discharge capacities of 931, 1182, and 1230 mAh g ¹1 , respectively, much higher than that of the cell containing the standard electrolyte (830 mAh g ¹1 , Fig. 2a) . A concomitant increase in the charge capacities and decrease in the overpotentials was also observed for cells containing the POMs. It is worth noting that the charge/discharge voltage did not vary according to equilibrium potential when POMs were used, which has been reported previously for Li-S batteries containing organometallic RMs. 6 This phenomenon is attributed to the fact that RMs do not change the equilibrium potential of substrates, but rather decrease the resistance overpotential to bring it closer to the equilibrium potential.
The cyclic voltammograms of the POMs used in this study are shown in Fig. 7a . All four Keggin-type POMs used in this study exhibited reversible multi-electron redox waves close to the E eq of the sulfur cathode (2.29 V, estimated from ¦H 0 f of Li 2 S). 26 W-containing POMs showed lower redox potentials than Mocontaining POMs, and were thus more suitable for reduction of sulfur. SiW showed two reversible two-electron redox waves at 2.4 and 2.1 V, with one being higher than E eq and one lower. For PMo, three one-electron redox waves were seen at 3.3, 2.9 V, and 2.28 V (Fig. 7a, orange) . 18 The lowest redox potential of PMo was only slightly lower than E eq , explaining the smaller improvement in the discharge capacity seen for this material compared to the three other POMs. SiMo showed four one-electron redox waves at 3.0, 2.7, 2.4, and 2.1 V. The large increase in the discharge capacity of the cell containing SiMo is attributed to the suitable redox potential of the peak at 2.1 V, which is below E eq , resembling the behavior of SiW. PW showed two one-electron, a two-electron, and a one-electron waves at 2.8 and 2.5 V, 2.2 V, and 1.8 V, respectively. 19 To enable further exploration of POMs, the structural and electronic properties of some POMs were calculated using DFT. The distances between the metal and oxygen atoms (M-O) (Fig. 7b) were strongly affected by the heteroatom X. As the formal charge of the heteroatom decreased (
), the distance between the heteroatom and oxygen (X-O) increased, while M-O decreased. The strengthened electronic interactions between the metal d orbitals and oxygen raised the LUMO of the POMs (Fig. 7c) , could be good mediators for Li-S batteries.
Conclusions
In summary, we have demonstrated that the use of Keggin-type POMs in electrolytes can facilitate both charge and discharge reactions in rechargeable Li-S batteries. Of the tested POMs, SiW showed the best performance, with a capacity of 1280 mAh g ¹1 at the sulfur cathode. The loss of sulfur and the accumulation of Li 2 S on the cathode surface were significantly reduced by the addition of POMs, leading to improved capacity retention after cycling. A DFT study showed how the selection of the elements in the POM affects the electronic properties of Keggin compounds. We believe this design strategy for redox mediators can be widely applied to electrode materials with low conductivities, such as Li 2 O 2 and Li 2 S. Electrochemistry, 84(11), 882-886 (2016) 
